Dysregulation of the microRNA (miRNA) network is a typical feature of many cancers. However, the key specific miRNAs involved in uveal melanoma carcinogenesis are largely unknown.
Background
Uveal melanoma (UM) is one of the most commonly diagnosed adult primary intraocular malignancies [1] . With strong invasive potential, UM cells are highly metastatic and show a propensity to metastasis to the liver [2] . Although great progress has been made in the diagnosis and treatment of UM, the prognosis of patients with UM remains dismal, with a median overall survival of only several months after diagnosis of metastasis [3] . Certain mutations, such as monosomy 3, has been identified as drivers of metastasis of patients with UM, and were proved to be prognostic predictors for patients [4, 5] . The discovery of new molecular mechanisms underlying the proliferation and metastasis of UM is crucial for providing the basis for novel targeted therapies to improve the clinical outcome of patients with UM.
MicroRNAs (miRNAs) are small, non-coding, single-stranded RNA molecules in mammalian cells [6] . Through binding to 3'UTR of target gene mRNA, miRNAs destabilize the mRNA or inhibit the translation process, leading to altered expression of genes at the post-transcriptional level [7] . As the target genes can be oncogenes or tumor suppressors, dysregulation of miRNAs is critical for cancer progression and is observed in many cancer types [8, 9] . Several studies have identified miRNAs that are pivotal for development of UM [10] . For example, miR-144 and miR-34a were experimentally confirmed as being downregulated miRNAs in UM cells, and these 2 miRNAs can target c-MET, a well-characterized oncogene in UM, to enhance the proliferation and metastasis ability of UM cells [11, 12] . Additionally, microarray analysis has revealed several differentially expressed miRNAs between UM with low risk and high risk of metastasis [13] and between metastatic and non-metastatic UM [14] . A 6-miRNAs (let-7b, miR-143, miR-193b, miR-199a, miR-199a*, and miR-652) classifier was showed to accurately distinguish UM patients with high risk metastasis from those with low risk [13] . A later study indicated that monosomy 3 can promote miR-199-5p expression to facilitate metastasis in UM [15] . However, the underlying mechanism by which these miRNAs mediate cancer progression remains elusive.
HOX members are transcription factors that mediate embryonic development via regulation of gene expression [16] . Consistent with its other members, HOXA9 is also a regulator of embryonic development [17] . Recent studies discovered that HOXA9 is associated with tumorigenesis [18, 19] . The role of HOXA9 in cancer is not unique. In non-small cell lung cancer, HOXA9 suppressed the invasiveness of cancer cells and its expression is an indicator of cancer occurrence [20] . In ovarian cancer, HOXA9 activated transcription of TGF-b2 to promote cancer progression [21] . Via inhibition of HIF-1a, HOXA9 repressed glucose metabolism in cutaneous squamous cell carcinoma to function as a tumor suppressor [22] .
In the present study, we discovered that miR-652 was overexpressed in UM. The function assays indicated that miR-652 downregulation inhibited cell proliferation and migration of UM cells. It was predicted and confirmed that HOXA9 was a target gene of miR-652 in UM cells. Moreover, silencing of HOXA9 attenuated miR-652 inhibitor-induced inhibition of cell proliferation and migration in UM cells. Our study demonstrates an oncogenic role of miR-652 in UM, which provides a novel therapeutic target for patients with UM.
Material and Methods

Tissue collection
The present study was supervised and approved by the Ethic Committee of the Sixth Affiliated Hospital, Sun Yat-sen University (dated 2016.03.05). We collected 26 pairs of uveal melanoma and matched normal tissues during surgery from patients diagnosed with uveal melanoma. The tissues were immediately stored at -80°C before use in the following experiments. All participants provided written informed consent.
Cell culture
Human uveal melanoma cell lines MUM-2B and MEL270 and human immortalized retinal pigment epithelial cell line ARPE-19 were purchased from the Cell Bank of the Chinese Academy of Sciences (Beijing, China). All cell lines were cultured in DMEM (Gibco, Waltham, MA) containing 10% FBS (HyClone, Logan, UT) in a humidified incubator with 5% CO 2 at 37°C.
RNA extraction and RT-qPCR
Total RNA was extracted from cells using TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. The RNA was reverse transcribed to cDNA using a PrimeScript RT reagent kit (TaKaRa, Shiga, Japan). RT-qPCR was performed with SYBR Premix Ex Taq (TaKaRa) on a CFX96 Realtime System (Bio-Rad Laboratories, Inc., Hercules, CA). The qPCR conditions were predenatured at 95°C for 30 s, followed by denature at 95°C for 10 s, annealing and elongation at 60°C for 30 s for 35 cycles. The relative expressions of miRNA and mRNA were calculated using 2 -DDCt method [23] . b-actin and U6 were used as internal controls for mRNA and miRNA, respectively. The primer sequences are listed in Table 1 .
Downregulation and upregulation of miR-652
miR-NC mimic, miR-652 mimic, miR-NC inhibitor, and miR-652 inhibitor were synthesized and purchased from Ribo Bio (Guangzhou, China). We seeded 2×10 6 MUM-2B cells in each well of 6-well plates. On the next day, cells were transfected with 100 nM miR-NC inhibitor or miR-652 inhibitor using Lipofectamine RNAiMAX reagent (Invitrogen) following the manufacturer's instructions. After 72 h, the cells were subjected to RNA or protein extraction.
Protein extraction and Western blotting
HOXA9 (sc-81291, 1: 1000), HIF-1a (sc-13515, 1: 1000), and HK2 (sc-130358, 1: 1000) antibodies were bought from Santa Cruz Biotechnology (Santa Cruz, CA). PDK1 (ab52893, 1: 1000), c-Myc (ab32027, 1: 1000), cyclinD1 (ab40754, 1: 1000), and b-actin (ab6276, 1: 10000) antibodies were purchased from Abcam (Cambridge, UK). Secondary HRP-conjugated antibodies against rabbit (#7074, 1: 100000) and mouse (#7076, 1: 100000) were products of Cell Signaling Technology (Beverly, MA). The lysates were prepared with RIPA lysis buffer (Thermo Fisher Scientific, Waltham, MA) following the manufacturer's instructions. The concentration of protein lysates was determined using a BCA Protein Assay Kit (Thermo Fisher Scientific). We loaded 20 μg lysates on each well of the SDS-PAGE gel. The proteins were separated and transferred to a PVDF membrane. After that, membranes were blocked in 5% non-fat milk followed by incubation with primary antibody overnight at 4°C. On the next day, the membrane was incubated with secondary antibody for 1 h at room temperature. The blots were developed with an ECL Western Blotting Substrate Kit (Thermo Fisher Scientific).
Cell proliferation and migration assay
The proliferation ability of MUM-2B and MEL270 cells was detected with the Cell Counting Kit-8 (DoJinDo, Kumamoto, Japan) following the manufacturer's protocol. Briefly, cells were seeded in 96-well plates. The cells were transfected with miR-NC inhibitor or miR-652 inhibitor and HOXA9 siRNA or control siRNA on the next day. At 0, 24, 48, and 72 h after transfection, 20 μL CCK-8 solution was added into each well and sustained for 2 h. The absorbance of each well was detected using a microplate reader (Bio-Rad Laboratories, Inc.).
The migration ability of MUM-2B and MEL270 cells was detected by the wound healing assay. Briefly, 1×10 7 cells were seeded in each well of 6-well plates and grown to 100% confluence. A wound area was made at the central area of each well by a 10-μL pipette tip. The medium was replaced with serum-free medium and cultured for another 30 h. At 0 and 30 h, images of the wound area were captured and the percentage of migrated area was calculated.
Bioinformatic analysis
To predict the potential target genes of miR-652, TargetScan software was used [24] . Seventeen potential target genes were predicted to contain putative binding sites for miR-652 on the 3'UTR of mRNAs. The predicted target genes are listed in Table 2 .
Plasmid construction and dual luciferase reporter assay
3'UTR of HOXA9 was amplified from cDNA of MUM-2B and ligated into pGL3-basic (Promega Corporation, Madison, WI). Site mutations were introduced into pGL3-HOXA9 3'UTR-WT to construct pGL3-HOXA9 3'UTR-Mut using the QuickChange Site-Directed Mutagenesis Kit (Agilent, Santa Clara, CA). MUM-2B and MEL270 cells were transfected with HOXA9 3'UTR-WT or HOXA9 3'UTR-Mut and miR-NC mimic or miR-652 mimic. After 48 h, the relative luciferase activity of each well was detected with the Dual Luciferase Reporter Assay System (Promega Corporation).
Small interference RNA (siRNA) mediated gene silencing HOXA9 siRNA and control siRNA were synthesized and purchased from GenePharma (Suzhou, China). We seeded 2×10 6
Primer
Sequences MUM-2B cells in each well of 6-well plates. On the next day, cells were transfected with 50 nM HOXA9 siRNA or control siRNA using Lipofectamine RNAiMAX reagent (Invitrogen) following the manufacturer's instructions. After 72 h, the cells were subjected to RNA or protein extraction.
Statistical analysis
All experiments were performed at least 3 times. The data were analyzed by GraphPad Prism 6.0 and are presented as mean±SD. Two groups were compared using the t test, and 3 groups were compared first with one-way ANOVA followed by Newman Keuls analysis. A p value less than 0.05 was considered statistically significant. Results miR-652 was overexpressed in uveal melanoma
As one of 6 miRNAs prognostic biomarkers for patients with uveal melanoma, the role of miR-652 has not been studied before in uveal melanoma. We collected uveal melanoma and matched normal tissues from 26 patients with uveal melanoma. RT-qPCR showed that miR-652 was significantly overexpressed in uveal melanoma compared with normal tissues ( Figure 1A ). Consistently, it was observed that miR-652 was elevated in uveal melanoma cell lines (MUM-2B and MEL270) compared to the immortal retinal pigment epithelial cell line ARPE-19 ( Figure 1B) . 
Downregulation of miR-652 inhibited cell proliferation and migration of uveal melanoma
To investigate the function of miR-652, we downregulated miR-652 by transfection of miR-652 inhibitor into MUM-2B and MEL270 cells. Transfection of miR-652 inhibitor decreased miR-652 levels in both MUM-2B and MEL270 cells (Figure 2A ). In the cell proliferation assay, it was observed that miR-652 inhibitor decreased the cell growth rate in MUM-2B and MEL270 cells ( Figure 2B, 2C ). In the cell migration assay, downregulation of miR-652-inhibited cells migrated towards the wound area in MUM-2B and MEL270, suggesting the cell migration ability was inhibited ( Figure 2D, 2E) . The data indicated that miR-652 exhibited a tumor suppressive function in uveal melanoma.
miR-652 directly repressed HOXA9 expression in uveal melanoma
Using TargetScan, we predicted 17 potential target genes of miR-652. Among them, the 3'UTR of HOXA9 mRNA could complementary bind to miR-652 ( Figure 3A) and was reported to be involved in melanoma progression [25] . RT-qPCR confirmed that miR-652 downregulation increased HOXA9 mRNA expression in MUM-2B and MEL270 cells ( Figure 3B ). In addition, Western blotting indicated that miR-652 downregulation elevated HOXA9 protein expression in MUM-2B and MEL270 cells ( Figure 3C , 3D). To further evaluate their direct interaction, we transfected miR-652 mimic to overexpress miR-652 in MUM-2B and MEL270 cells ( Figure 4A ). Overexpression of miR-652 decreased relative luciferase activity in MUM-2B cells transfected with HOXA9 3'UTR; however, miR-652 mimic showed no effect on the relative luciferase content of HOXA9 3'UTR-Mut ( Figure 4B) . Similarly, miR-652 mimic also decreased relative luciferase activity in MEL270 cells transfected with HOXA9 3'UTR ( Figure 4C ).
miR-652 activated the HIF-1 signaling pathway via repression of HOXA9
HOXA9 is known as a negative regulator of the HIF-1 signaling pathway in cancer cells [22] . To study whether miR-652 depends on regulation of HOXA9 to control activity of HIF-1 signaling, we transfected HOXA9 siRNA to silence HOXA9 expression in MUM-2B cells (Figure 5A, 5B) . The Western blotting results showed that miR-652 downregulation increased HOXA9 and decreased HIF-1a and HK2 protein expression, and silencing of HOXA9 reversed downregulation of HIF-1a and HK2 in MUM-2B cells (Figure 5C, 5D ). HOXA9 also regulates Wnt signaling in glioblastoma [26] . We also checked the expression of c-Myc and cyclinD1, the target genes of Wnt signaling. We observed decreased c-Myc after miR-652 downregulation, and silencing of HOXA9 reversed downregulation of c-Myc ( Figure 5E, 5F) . However, the expression of cyclinD1 was not changed (Figure 5E, 5F) . These data suggest that miR-652 enhanced the HIF-1 signaling pathway via downregulation of HOXA9 in uveal melanoma.
miR-652 promoted cell migration and proliferation via repression of HOXA9
In the function assays, we observed that downregulation of miR-652 inhibited MUM-2B cells from migrating towards the wound area, which was partially attenuated after HOXA9 silencing ( Figure 6A) . Additionally, the decreased MUM-2B cell growth rate induced by miR-652 inhibitor was also reversed after HOXA9 silencing ( Figure 6B) . The results indicated that HOXA9 is involved in the function of miR-652 in uveal melanoma.
HOXA9 expression was associated with miR-652 levels in uveal melanoma
We assessed HOXA9 mRNA expression in 26 pairs of tumors and normal tissues from patients with uveal melanoma, showing that HOXA9 was significantly downregulated in tumors ( Figure 7A ). More importantly, Pearson correlation analysis indicated a strong negative correlation between miR-652 and HOXA9 mRNA levels in tumors ( Figure 7B ).
Discussion
Numerous differentially expressed miRNAs between uveal melanoma and normal uveal tissues have been identified by miRNA profiling [14, 27] . Although several of them have been experimentally validated as oncogenes or tumor suppressors [12, 28, 29] , the function and molecular mechanism of many differentially expressed miRNAs are unknown. miR-652 is a recently discovered biomarker for patients with uveal melanoma [13] . In the present study, we for the first time confirmed a pro-proliferative and metastasis role of miR-652 and further showed that HOXA9 is a target gene of miR-652 in uveal melanoma cells. miR-652 is associated with cell proliferation and metastasis of several types of cancers. The role of miR-652 in cell proliferation and metastasis is dependent on the cell background. For example, studies showed that miR-652 promotes cell proliferation and metastasis in non-small cell lung cancer and endometrial cancer [30, 31] ; in pancreatic cancer, however, miR-652 inhibits cell proliferation and metastasis of cancer cells via suppression of epithelial-mesenchymal transition [32] . Using RT-qPCR, we observed significant upregulation of miR-652 in uveal melanoma tissues and cells, which is consistent with a previous report [13] . Furthermore, in the function assays, we discovered that downregulation of miR-652 inhibited uveal melanoma 8729 cell proliferation and migration. These data collectively support a potential oncogenic role of miR-652 in uveal melanoma.
HOXA9 is involved in embryonic development and was recently identified as a cancer-related gene in several cancer types, either as an oncogene or a tumor suppressor. In acute myeloid leukemia, overexpression of HOXA9 cooperated with Meis1 to drive myeloid leukemogenesis [33] . Decreased expression of HOXA9 in non-small lung cancer promotes cancer cell migration [34] . The downregulation of HOXA9 was observed in our collected uveal melanoma tissues, suggesting a potential tumor suppressive role. The expression of HOXA9 was regulated by methylation [34] and miRNAs in different backgrounds [35, 36] . For example, miR-182 directly inhibits HOXA9 expression to control cell proliferation and migration in gastric cancer cells [37] . The TargetScan prediction showed that HOXA9 might be a target gene of miR-652. In uveal melanoma cells, we observed that HOXA9 was upregulated after miR-652 downregulation. The dual luciferase reporter assay further confirmed HOXA9 as a target gene of miR-652 in uveal melanoma cells. Most recently, HOXA9 was discovered to inhibit cancer progression via inactivation of the HIF-1 signaling pathway [22] . Consistently, in uveal melanoma, we observed downregulation of HIF-1a and HK2, 2 key genes in HIF-1 signaling, in response to miR-652 downregulation. Moreover, the downregulation of HIF-1a and HK2 was recovered after HOXA9 silencing, indicating miR-652 controls HIF-1 signaling via HOXA9. HOXA9 was also confirmed as a negative regulator of Wnt signaling in glioblastoma [26] ; however, it was not observed in uveal melanoma due to different cell backgrounds. Finally, the decreased cell growth rate and migration inhibition caused by miR-652 inhibitor was also partially reversed by HOXA9 silencing. miR-652 can repress HOXA9 expression to activate HIF-1 signaling, which leads to accelerated cell metabolism and proliferation.
